Immature and mature rabbit neonates were observed for production of intrapulmonary foam during the first 5-10 min of extrauterine life. Viability at birth of littermates was determined. In addition, lungs from neonates that had breathed 3-5 min after birth and from fetuses that had not breathed were studied during manual inflation to maximal volume and deflation to zero transpulmonary pressure (minimal volume). Lung wet/dry weights and amniotic fluid lecithin-to-sphingomyelin ratios were determined. Compared with mature subjects, body weights and lecithin-tosphingomyelin ratios were significantly lower in the immature group, and total water content was significantly higher. No immature neonate lived to 3 hr, whereas all mature neonates were robust, active, and normal. Both spontaneous breathing up to 10 min and manual inflation-deflation were associated with intrapulmonary foam in each mature lung, but with little or no foam in immature lungs. The following were characteristic of immature lungs: 1) Airways and terminal lung units (TLU) were generally liquid-filled at zero transpulmonary pressure. 2) When lungs were inflated to maximal volume, all TLU appeared aerated. 3) However, during deflation liquid refilled most TLU and airways and 795% of the air previously introduced was returned to the syringe. 4) Air trapped in TLU a t end deflation was not due to airway collapse, but to relatively early refilling of more proximal adjacent airways which thereby prevented air from leaving more peripheral TLU. Similar studies of mature lungs confirmed our previous report (Pediatr. Res., 12: 1070 (1978 ) that intrapulmonary foam is produced a t the onset of breathing at birth and, also, during initial manual inflations of the liquid-filled fetal lung. Thus, the striking difference between the mature and immature lungs is the inability of the latter to produce foam. This is related to immaturity of the surfactant system, inability to establish residual volume at the onset of breathing, and retention of liquid in potential air spaces.
Summary
Immature and mature rabbit neonates were observed for production of intrapulmonary foam during the first 5-10 min of extrauterine life. Viability at birth of littermates was determined. In addition, lungs from neonates that had breathed 3-5 min after birth and from fetuses that had not breathed were studied during manual inflation to maximal volume and deflation to zero transpulmonary pressure (minimal volume). Lung wet/dry weights and amniotic fluid lecithin-to-sphingomyelin ratios were determined. Compared with mature subjects, body weights and lecithin-tosphingomyelin ratios were significantly lower in the immature group, and total water content was significantly higher. No immature neonate lived to 3 hr, whereas all mature neonates were robust, active, and normal. Both spontaneous breathing up to 10 min and manual inflation-deflation were associated with intrapulmonary foam in each mature lung, but with little or no foam in immature lungs. The following were characteristic of immature lungs: 1) Airways and terminal lung units (TLU) were generally liquid-filled at zero transpulmonary pressure. 2) When lungs were inflated to maximal volume, all TLU appeared aerated. 3) However, during deflation liquid refilled most TLU and airways and 795% of the air previously introduced was returned to the syringe. 4) Air trapped in TLU a t end deflation was not due to airway collapse, but to relatively early refilling of more proximal adjacent airways which thereby prevented air from leaving more peripheral TLU. Similar studies of mature lungs confirmed our previous report (Pediatr. Res., 12: 1070 (1978) ) that intrapulmonary foam is produced a t the onset of breathing at birth and, also, during initial manual inflations of the liquid-filled fetal lung. Thus, the striking difference between the mature and immature lungs is the inability of the latter to produce foam. This is related to immaturity of the surfactant system, inability to establish residual volume at the onset of breathing, and retention of liquid in potential air spaces.
Speculation
Immaturity of the surfactant system inhibits the production of intrapulmonary foam at the onset of air-breathing at birth. This deficiency, which is characteristic of immature lungs, retards residual volume formation and fetal pulmonary fluid absorption. Therefore, pulmonary blood flow, gas exchange, and alveolar lining formation are compromised.
It has been reported that immediate establishment of residual gas volume in the lungs at the onset of breathing at birth is due, in large part, to the production of intrapulmonary foam as air first enters the previously liquid-filled lungs (15) . This process was shown to be a normal adaptational phenomenon for mature lungs and, on theoretical grounds, to be integral to the known cardiopulmonary adjustments that insure immediate and sustained surhval outside-the uterus, v i r , decrease of pulmonary vascular resistance, increase of pulmonary blood flow, establishment of functional residual capacity (FRC) and formation of the alveolar lining layer (ALL) (15) . In the present studies, immature and mature lungs of rabbits were compared with regard to production of neonatal intrapulmonary foam and to survival at birth. These studies included both gross and microscopic inspection of lungs from neonates up to 10 min after onset of breathing and from fetuses in whom the first inflations and deflations with air were administered from a calibrated syringe. It has been shown that nonviable immature neonates, in contrast with the viable mature animals, were neither capable of producing foam nor able to sustain a residual pulmonary gas volume. The possibility is suggested that the former deficiency, which results from immaturity of the pulmonary surfactant system, is related causally to the latter.
METHODS
Twenty-four pregnant New Zealand White rabbits were prepared as described previously (15) and fetuses were delivered through uterotomy at either 26-28 days of gestation (17 rabbits, immature group) or >28 days of gestation (7 rabbits, mature group).
Neonates from the mature litters and from six of the immature litters were handled as follows: subgroup 1: in order to determine extrauterine viability, 2-3 neonates from each litter were permitted to breathe spontaneously under a radiant heater and observed for spontaneous activity, "cry," color, breathing movements, and survival time. The skin was gently stroked regularly during the first 10 min to stimulate breathing movements. Subgroup 2: an additional 1-2 neonates from each litter were handled the same way, but killed by ip pentobarbital overdose 5-10 min after birth. The chests were opened by sternotomy and lungs examined immediately for the presence of airway foam as described previously (15) . Subgroup 3: 1-2 additional neonates from each immature litter and one neonate from three mature litters were killed 3-5 min after the onset of breathing and the lungs examined by stereomicroscopy (20) according to the following protocol: the anterior thorax was excised and the lungs were scanned, in situ, through the microscope as a cannula was inserted into the trachea by a second experimenter. The lungs of immature neonates were inflated with a volume of air equivalent to estimated F R C from a calibrated syringe: F R C was estimated as body weight (g) X 30 p1, according to data obtained by the authors in previous experiments in which fetal pulmonary fluid (FPF) volume was measured in lamb fetuses in vivo (17) . F P F volume is about 30 ml/kg, which approximates normal F R C (14, 17) . This procedure simulated the first breath of normal human infants as reported by Karlberg et al.
(1 1); it could be applied to immature neonates because their lungs were generally liquid-filled. Mature lungs, however, were well-aerated so that end-inflation was determined as the point at which all visible TLU (21) were inflated. The volume required for mature lungs ranged from 0.3-0.5 FRC. Lungs were then deflated to minimal volume, zero transpulmonary pressure, and inflationdeflation cycles were repeated up to 10 times. Subgroup 4: whole lungs of immature neonates that had died after 3-5 min of spontaneous air-breathing were weighed "wet" and again after drying in an oven to determine percent of lung water (1); 1-2 neonates from each mature litter, randomly selected, were killed after 3-5 min of air-breathing and wet/dry weights were determined for comparison. Dry weight was obtained when lung weight had become constant.
Thirty-three fetuses from the remaining eleven immature litters were killed in utero, anterior chest wall excised, and lung immediately scanned by stereomicroscopy during initial air inflations and deflations according to the protocol previously described for subgroup 3 which is thesame protocol uskd in our-previous study of mature fetal lungs (15) . Amniotic fluid was obtained before delivery of fetuses and analyzed for lecithin-to-sphingomyelin ratio by standard techniques reported previously (18) , but without acetone precipitation. These were compared with amniotic fluid obtained from mature pregnancies.
RESULTS
Lecithin-to-sphingomyelin ratio of the immature group was 0.01-0.6, whereas the ratio for the mature group was 1.85-2.6. Data from the neonatal studies are presented in Table 1 and outlined in this paragraph. Body weight of the immature rabbits was significantly lower than that of the mature rabbits (P < 0.01, unpaired t test). Percent lung water of immature neonates that had breathed spontaneously 3-5 min was significantly greater than that of mature neonates killed 3-5 min after the onset of breathing (P < 0.01) (subgroup 4). Immature neonates made frequent breathing movements with tactile stimulation, but none lived longer than 3 hr after birth, whereas all mature neonates that were observed were robust and normal by all criteria (subgroup 1). Except for one immature neonate in which few bubbles were present in the trachea, none of the lungs of the immature rabbits examined 5-10 min after the onset of breathing contained foam in the large airways; conversely, foam was seen in large airways
Stereomicroscopic examination of immature neonatal lungs (air breathing 3-5 min; subgroup 3) revealed the following: I) airways and TLU were generally filled with liquid; 2) few TLU contained air; 3) when lungs were inflated, all visible TLU appeared aerated (Fig. 1) . This appearance was not readily distinguishable from that of inflated mature lungs (see later in this paper and ref. 15). 4) However, during deflation, liquid, which had been moved to the periphery of TLU during inflation, refilled most TLU and airways. Virtually all the air (>95%) introduced into the lungs during inflation was returned during deflation. Air entrapment during deflation was due to the different rates at which adjacent airways and TLU became refilled with liquid. Thus, if one unit had refilled with liquid before the adjacent unit had emptied of air, the liquid from the first unit-once it had entered the common airway-prevented further emptying of air from the second unit.
This entrapped air (as in Fig. 2 ) could be moved with a micromanipulator by the experimenter and, with the micromanipulator, could be transferred easily from one unit to another. The configuration was either spherical or cylindrical. The latter forms tended to enlarge during subsequent inflations to maximal volume and, 
' n = number of observations.
Range of body wt and mean rt SD of % lung water are given. thus, probably were not bound by films. Thus, entrapment was not due to foam formation.
Stereomicroscopic examination of immature feral Iungs corroborated this: initial aeration was seen as air entered first the larger then terminal airways and as TLU expanded (Fig. 3) . With inflation, all visible TLU became air-filled (Fig. 1) . During deflation, liquid, which had been displaced peripherally during inflation, refilled TLU and airways; the air-liquid interface moved from periphery of TLU to the larger airways as deflation proceeded. Virtually all air (>95%) was returned to the syringe. At end-deflation, few areas of the lung had retained air (Fig. 2) . Air entrapment was as described for the immature neonatal lungs.
With regard to the inflation of immature lungs, it should be noted that no leaks were produced at maximal volume and that the extent of aeration of TLU at maximal volume was comparable, by gross and microscopic inspection, to that of mature lungs inflated with equivalent volumes (15) , so that opening pressure had been exceeded. It is during deflation that the absence of foam is best appreciated in immature lungs.
I?. Fig. 3 . Early aeration of immature (27.5 days of gestation) rabbit lung. Most of the lung is still liquid-filled. Air has entered major airways, terminal airways, and TLU shown. As inflation was continued beyond this point, additional airways and units were recruited until virtually all units were aerated at maximal volume as indicated in Figure I . Arrow points to edge of pulmonary segment. X94.
Stereomicroscopic examination of mature neonatal lungs was consistent with previous studies (15) : lungs were generally wellaerated. A superficial incision of the surface with scalpel yielded foam. During inflation of intact lungs to maximal volume, bubbles moved into TLU where they were retained at end-deflation.
DISCUSSION
Mature subjects of the present studies were robust and active at birth. Their lungs contained significantly less total liquid than those of immature subjects after 3-5 min of spontaneous airbreathing, their amniotic fluid lecithin-to-sphingomyelin ratio was greater than immature subjects' and indicative of pulmonary maturity, and intrapulmonary foam was present in each lung examined up to 10 min after onset of breathing and in all lungs inflated manually to maximal volume. The latter is consistent with the previous study of mature lungs by the authors (15) .
In contrast, immature rabbits died within 3 hr. Their lecithinto-sphingomyelin ratio was 20.6 and, thus, indicative of immaturity of the surfactant system. Indeed, it has been shown that immature mammalian lungs have low phospholipid surfactant content and, therefore, low quantities in FPF (6, 7) . The lecithin content of rabbit FPF does not begin to increase until after 28 days of gestation (6, 7) . the same time that stable extracts and stable volume-pressure curves are first obtained from the lungs (10, 12) . Presumably, also, the immature lung is not able to mobilize surfactant secretion at birth (7), which may further compromise neonatal lung stability. These measurements of wet/ dry weights also show that immature lungs contain significantly high quantities of liquid after 3-5 minutes of air-breathing. Although this liquid is not exclusively FPF (l), this finding is in accord with previous demonstrations of slow absorption of FPF from immature lungs after birth (9) and with the present observations of retained liquid in potential air spaces. Although these data suggest very rapid clearance of lung liquid in mature lungs, the authors have no information about comparative rates of clearance because FPF volumes were not meakred and weights were not obtained before or after 3-5 min. Finally, these studies demonstrate that little or no intrapulmonary foam is produced either during spontaneous air-breathing at birth or during manual inflation of the lungs in situ. The immature lung is virtually airless in the absence of distending transpulmonary pressures, i.e., it cannot sustain adequate residual volume and ir is unstable. "Instability" for these lungs is not characterized by the traditional "collapse" of previously air-filled TLU, but rather by refilling of TLU with liquid during and at end-deflation. The striking difference between these and mature lungs is their incapacity to produce significant quantities of intrapulmonary foam.
The general concept that emerges from these observations is that with maturation of the surfactant system, the capacity to produce foam at the onset of breathing is established. It has been suggested (15) that among the physicochemical factors (3) that influence foam production in situ, the content of surfactants in FPF and, perhaps, enhanced secretion at birth (7) are of central importance. In fact, intrapulmonary foam production may be compared with the process of foam fractionation in vitro (16) which, for example, has been used to recover phospholipid surfactants in foam films produced from mature FPF (5). It has also been shown that FPF surfactants are incorporated, apparently preferentially, into bubble films when foam is produced in mature lungs (15) . From these and the present studies, it is apparent that surfactant deficiency or immaturity is associated with poor foam production at the onset of air-breathing. Therefore, it seems reasonable to conclude that prenatal maturation of the surfactant system establishes the capacity to produce foam at the onset of breathing. Whether or not foam production is essential for residual volume formation durixg the first minutes of extrauterine life may still be questioned. The possibility may be raised that lack of foam may result from, rather than cause, inability to establish residual volume by other mechanisms. These experiments show that intrapulmonary foam production and immediate establishment of residual volume are coincident in mature lungs (15) and that both these adaptational phenomena are compromised in immature lungs.
In a previous report (15) . the possible central role of early neonatal foam in normal cardiopulmonary adaptations at birth was emphasized including rapid oxygenation of blood, maintenance of airway and TLU distention at the start of breathing, and formation of the ALL of the neonatal air-lung. It was suggested that, from this perspective, the "foam statew-in which the lung is a three phase system of air, liquid, and foam-is a short-lived but crucial normal adaptational phenomenon. The present studies indicate that this capacity is compromised by pulmonary immaturity. Further, they suggest an additional function of foam, i.e., in FPF absorption at birth. Although the mechanism underlying absorption is not known, it has been shown that bubbles in TLU produce and sustain immediate distention of these units (15) . This, in turn, may be related to the reported (4) increase of equivalent pore size of epithelial cells, which may promote movement of FPF out of potential air spaces (4) . Immature lungs that lack foam tend to retain intraluminal liquid. Morphologic characteristics of immature lungs, as determined by stereomicroscopy, sustain these concepts. Although inflation of these lungs to maximal volume produces apparent aeration of all TLU, the liquid displaced to the priphery during inflation refills most of the lumina on deflation. The liquid moves from periphery of TLU into the airways. Presumably, this process would be augmented in vivo by the high positive pleural pressure produced during expiration at the onset of breathing (1 I). The refilling phenomenon is also seen in some TLU of mature lungs (15) . However, whereas it is the exception in the latter, it is a characteristic feature of immature lungs. Refilling is consistent with reported functional characteristics of immature lungs at birth, viz., slow absorption of FPF (9), small FRC (2), and systemic hypoxemia to which intrapulmonary shunts are major contributors (13, 19) .
Some air trapping was observed in immature TLU during deflation. Areas of entra~ment were often distended further during subsequent inflations add remained distended between inflations at zero transpulmonary pressure. Such entrapment was not the result of proximal airway collapse, but of liquid refilling airways from adjacent TLU. This trapped gas could be a primary site for gas exchange in immature lungs at the onset of breathing. However, progressive distention might also lead to tissue damage and rupture.
A resume of the foam lung, including its suggested significance during thefirst minutes of extrauterine life, is given in Figure 4 .
C O N C L U S I O N Maturation of the lung surfactant system establishes the milieu for intrapulmonary foam formation at the onset of air-breathing at birth. This is a normal characteristic of mature lungs, but is impaired or absent in immature lungs. The expected consequences are retardation of residual volume formation and retention of FPF in potential air spaces. This, in turn, compromises pulmonary blood flow, pulmonary gas exchange, and ultimate formation of the ALL. Although the foam state is a relatively short transient in the period after the onset of breathing, it is probably integral to the essential cardiopulmonary adjustments that characterize early neonatal transition from the uterine environment.
